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ABSTRACT 

We have studied CP violation originated by the phase of the neutrino mixing 
matrix in the long baseline neutrino oscillation experiments. The direct measurements 
of CP violation is the difference of the transition probabilities between CP-conjugate 
channels. In those experiments, the CP violating effect is not suppressed if the highest 
neutrino mass scale is taken to be 1 ~ 5eV, which is appropriate for the cosmological 
hot dark matter. Assuming the hierarchy for the neutrino masses, the upper bounds of 
CP violation have been caluculated for three cases, in which mixings are constrained 
by the recent short baseline ones. The calculated upper bounds are larger than 10~ 2 , 
which will be observable in the long baseline accelerator experiments. The matter 
effect, which is not CP invariant, has been also estimated in those experiments. 
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1 Introduction 



The origin of CP violation is still an open problem in particle physics. In the quark 
sector, CP violation has been intensively studied in the KM standard model [p]]. For 
the lepton sector, CP violation is also expected unless the neutrinos are massless. In 
particular, CP violation in the neutrino flavor oscillations is an important phenomenon 
because it relates directly to the CP violating phase parameter in the mixing matrix 
for the massive neutrinos ||. Unfortunately, this CP violating effect is suppressed in 
the short baseline accelerator experiments if the neurinos have the hierarchical mass 
spectrum. However, the suppression is avoidable in the long baseline accelerator ex- 
periments, which are expected to operate in the near future || ||. So one has a chance 
to observe the CP violating effect in those experiments. 

The recent indications of a deficit in the z/ M flux of the atomospheric neutrinos 
f|-f7j has renewed interest in using accelerator neutrinos to perform the long baseline 
neutrino oscillation experiments. Many possibilities of experiments have been discussed 
@. The purpose of this paper is to present the numerical study of CP violation in 
those accelerator experiments. 

There are only two hierarchical mass difference scales Am 2 in the three-flavor 
mixing scheme without introducing sterile neutrinos. If the highest neutrino mass 
scale is taken to be 1 ~ 5eV, which is appropriate for the cosmological hot dark 
matter (HDM) ||, the other mass scale is either the atomospheric neutrino mass scale 
Am 2 ~ l(T 2 eV 2 ||-0 or the solar neutrino one Am 2 ~ 10 -5 ~ l(T 6 eV 2 0. Since the 
long baseline experiments correspond to the atomospheric neutrino mass scale, we take 
Am 2 ~ 10~ 2 eV 2 as the lower mass scale. The solar neutrino problem is not discussed 



in this paper. The solar one may be solved by introducing the sterile neutrino 10 
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Our study of CP violation is presented in the framework of above pattern of the 
neutrino mass spectrum 0. We also investigate the matter effect in the long baseline 
accelerator experiments since the background matter effect is not CP invariant. If the 
matter effect is not negligibly small compared to the CP violating effect in the vacuum, 
one should consider how to extract the matter effect from the data. It is found that 
the matter effect strongly depends on the hierarchical pattern of the neutrino masses 
and mixings. 



2 CP Violation in Neutrino Flavor Oscillations 

The amplitude of v a — > Vp transition with the neutrino energy E after traversing the 
distance L can be written as 



A(u Q -> v p ) = e~ tEL \s a p + x; u ak u; k 

I k=2 



.Am 2 hl L 



(1) 



where Am| = mf — m'j is defined, and U a i denote the elements of the 3x3 neutrino 
flavor mixing matrix, in which a and i refer to the flavor eigenstate and the mass eigen- 
state, respectively. The amplitude A(v a — > Vp) is given by replacing U with U* in the 
right hand side in eq.(|I]). The direct measurements of CP violation originated by the 
phase of the neutrino mixing matrix are the differences of the transition probabilities 
between CP-conjugate channels M: 

kP = P(V^V e )-P{v^v e ) = P(v^v T )-P{V^V T ) 

= P(V e -> V T ) - P(u e -> v T ) = 4J£ P (smD 12 + smD 23 + smD 31 ) , (2) 



where 



Dij = Am^. A > (3) 



2 CP and T violations have been studied in the case of Am 2 ^ ~ 10 2 eV 2 [0| 



and Jq P is denned for the rephasing invariant quantity of CP violation in the neutrino 



mixing matrix as well as the one in the quark sector |]I2 |. In terms of the standard 
parametrization of the mixing matrix fl3fl, we have 



Jcp = Im(JJ^U* 3 U* 2 U T2 ) = si2S23Si 3 ci2C23Ci 3 sin0 , (4) 

where is the CP violating phase. The oscillatory terms are periodic in L/E and 
D u + D 2 3 + D 3 i = is satisfied. 

For the neutrino masses, we expect the typical hierarchical relation Am^ ^> Am^ 
or Am^j ^> Am^ in order to guarantee two different mass scales. The former re- 
lation(hierarchy I) corresponds to m 3 ~ m 2 ^> vii\ and the latter one(hierarchy II) 
to m 3 ^> m 2 ^> rrii(oT ~ rrii). The highest neutrino mass scale is taken to be 
m 3 = 1 ~ 5eV, which is appropriate for the cosmological HDM|J. Those mass hierar- 
chies have been discussed in the context of the solar neutrino problem, atomospheric 
neutrino one and HDM(as well as LSND [14j]) by several authors |10|[|1^]. Although 



their results seem to support hierarchy I, both cases of hierarchies I and II are studied 
in this paper. 



Recently, there are significant short baseline accelerator experiments |14|-|l7|, in 



which the value of L/E is fixed for each one. For example, L = 30m and E = 36 



60MeV are taken for the v ^ — > v e experiment at LSND |14| and L = 800m and 
E = 30GeV for the -> v T experiment at CHORUS and MOMAD 0. In these 
experiments, the value of Z?3i(— — -D12) is 1 ~ 10 with | -D23 1 <S 1 for hierarchy I 
(-D31 — — -D23 is 1 ~ 10 and with \Di 2 \ 1 for hierarchy II). Therefore the factor 
(sin D12 + sin D 2 3 + sin D 31 ) is suppressed because two largest terms almost cancel due 
to opposite signs. Another term is still small. Then the CP violating effect in eq.([2j) 
is significantly reduced due to this suppression. So one has no chance to observe CP 
violation for the present in the short baseline neutrino oscillation experiments. 



However, the situation is very different in the long baseline accelerator experiments. 
Let us consider the case of hierarchy I for the neutrino masses. The oscillatory terms 
sinZ)i2 and SU1.D31 can be replaced by the average value since the magnitude of 
Z) 31 (~ — Di 2 ) is 10 3 ~ 10 4 . Then CP violation is dominated by the sinD 2 3 term, 
which is not small because of I-D23I — 1- The same situation is kept for hierarchy II. 
Thus the CP violating quantity AP is not suppressed unless Jq P is very small. 

3 Non-Suppression of CP Violation in Long Base- 
line Accelerator Experiments 

The long baseline accelerator experiments are planed to operate in the near future 
The most likely possiblities are in KEK-SuperKamiokande(250Km), CERN- 
Gran Sasso(730Km) and Fermilab-Soudan 2(730Km) experiments(MINOS). The sen- 
sitivity of the observable transition probabilitiy is expected to be 10 -2 . The average en- 
ergy of the Up beams are approximately lGeV, 6GeV and lOGeV at KEK-PS(12GeV), 
CERN-SPS(80GeV) and Fermilab proton accelerator(120GeV), respectively. We can 
estimate Sep = sinD 12 + sinD 23 + sinD 31 in those experiments. The neutrino energy 
E dependences of Sep are shown by solid curves for fixed L = 250Km in fig. (a) and 
for L = 730Km in fig.(b), where Sep is averaged over energy speread of 20% at the 
reference energy. Here Am 2 31 = 2.25eV 2 and Am| a (Am| 1 ) = 10" 2 eV 2 are taken in 
hierarchy I(II). Although our results depend on the value of Am^, these change only 
5% for Amgj = 1 ~ 25eV 2 . We also show the oscillation function sin 2 (Am 2 2 L/4E), 
which is important for the absolute value of the transition probability P(v a — > up) at 
those experiments, by dashed curves in fig.l. 

Fig. 1(a) and (b) 
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As seen in fig. 1(a), the absolute value of Sep is almost maximum at E ~ 1.3GeV. 
However, it depends on the atomospheric neutrino mass scale Am^. The Am^ depen- 
dence of Sep is obtained by replacing the axis £with£xAm! 2 /10- 2 eV 2 infig.l. Since 
the CP violating effect changes considerably according to values of E, the new project 
PS(50GeV) at KEK is very significant for observing CP violation. Both CERN-Gran 
Sasso and MINOS experiments are also important because of the non-suppression Sep 
as seen in fig. 1(b). 

4 Constraints of Mixings from Present Reactor and 
Accelerator Data 



Analyses of the three flavor neutrino oscillation have been presented recently [ [T8fl -||20|. 



In particular, the quantitative results by Bilenky et al.[|19j and Fogli, Lisi and Scioscia 



2(J are the useful guide for getting constraints of the neutrino mixings. The upper 
bound of J CP is estimated by using these constraints. 

Let us begin with discussing constraints from the reactor and accelerator disap- 
pearance experiments. Since no indications in favor of neutrino oscillations were found 
in these experiments, we only get the allowed regions in (U^, Am| x ) parameter space. 
Bugey reactor experiment and CDHS [22 and CCFR |23| accelerator experiments 



give bounds for the neutrino mixing parameters at the fixed value of Am^. We follow 
the analyses given by Bilenky et al. [|19|] . 

Since the CP violating effect can be neglected in those short baseline experiments 
as discussed in section 3, we use the following formula without CP violation for the 
probability in the disappearance experiments: 

Am 2 T 

P(y a -> v a ) = 1 - 4|^| 2 (1 - \U m \ 2 ) sin 2 ( — f-) , (5) 
where i=l or 3 corresponds to hierarchy I or II. The mixing parameters can be expressed 
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in terms of the oscillation probabilities as 19[ 

1 



with 



U ai \ 2 = -(l±^/l-B UaUa ) , (6) 



B VaVa ={1-PK- Pa)} sin~ 2 (^|^) , (7) 



where a = e or \i and % = 1 or 3. Therefore the parameters £7^ at the fixed value of 
Amgj should satisfy one of the following inequalities: 

1 



UJ 2 > -(1 + Jl - B v „ v „) = aW , or \U m \ 2 < -(1 - Jl - = 



The negative results of Bugey [21], CDHS |22|] and CCFR[^] experiments have given 
the values of and which were presented in ref. |19| and [24 . 

It is noticed from eq.@ there are three allowed regions of \U ei \ 2 and \U^\ 2 as 
follows: 

(A) |C/ ei | 2 > 4+) , \U, t \ 2 <a^, 

(B) \U ei \ 2 <a^, \U^\ 2 <a { -\ (9) 

(C) |t/«| 2 < a<-> , |^| 2 > «< +) , 

where z = 1 (hierarchy I) or 3 (hierarchy II). In addition to these constraints, we should 
take account of the constraints by E531 and E776 |2(J experimental data. These 
constraints often become severer than the ones of the disappearance experiments as 
discussed in the next section. 

It may be important to comment on the case (A) with hierarchy I. In this case, 
one has U e 3 ~ 1 and then the survival probability of the solar neutrinos is too large to 
be consistent with the data of GALLEX and SAGE, which have shown less neutrino 
deficit than the Homestake and Kamiokande experiments || . Therefore, this case is an 
unrealistic one for the neutrino mixings although we include this case in our analyses. 



5 Upper Bound of J V CP 



The CP violating measure J CP defined in eq.(f|) is also expressed as 

r CP = \u eX \\u e2 \\u^\\Up\\u Ti \{\u^\ 2 + \Urt\ 2 )- x wy<t> ■ (io) 

This formula is rather suitable for hierarchy II since the experimental constraints are 
directly given for \U e ^\ and \U^\ as seen in eq.(P). For hierarchy I, the constraints for 
\U e %\ and \U^\ are indirectly given by using unitarity of the mixing matrix. We discuss 
the upper bound of J CP in six cases: cases (A), (B) and (C) with hierarchy I or II. At 
first, we study the cases with hierarchy II since those are easier for us to estimate J CP 
than the cases with hierarchy I. 

The mixing matrix with hierarchy II is written for case (A) as 



U 



U^i Up e 3 I , (11) 



V U T i U t2 e 4 

where e$(i = 1 ~ 4) are tiny numbers. Then J CP is given by 

J V CP = eie 2 e 3 e 4 (e3 + e^)" 1 sin <p < ^eie 2 , (12) 

where the sign of equality is obtained at e 3 = e 4 with sin0 = 1. Here e 3 is bounded 
by E776 — > v e experiment [|(J and e 4 is given by unitarity. The product t\t 2 is 



bounded by unitarity such as 



ei6 2 < \{£ + el) = \{l - |f/ e3 | 2 ) <\{l- flW) . (13) 

Thus the upper bound of J CP is given only by In this case the atomospheric 

neutrino anomaly could be attributed to the — > v T oscillation if | | = \Up\ = 
\U T i\ = \U t2 \ — l/y/2. But, it is emphasized that the estimated upper bound of J CP is 
independent of this condition. 

8 



For the case (B) with hierarchy II the mixing matrix is given as 





(U el 


u e2 


ei 


u ~ 






e 2 




\ ^ 


£4 


1 



(14) 



We get the bound of J£ P as follows: 



j cp = |C/ e i||^e2|eie2sin0 < ^eie 2 , (15) 

where the sign of equality is obtained at \U e i\ = \U e 2\ = l/v2 with sin0 = 1. Then 
the atomospheric neutrino anomaly could be solved by the large —>■ v e oscillation. 
The bound of e\ is given by a*~) in eq.@. On the other hand, e 2 is bounded by E531 
— > v T experiment [[25[] since the relevant transition probabilities in the short baseline 



experiments are given for hierarchy II: 

P(^^^^4|^l 2 l^,l 2 sin^ AmilL ^ 



'fx -> I>t) ^ 4 1 1/"^ | 



4£ 



PK^ r )^4|^ 3 | 2 |f/ T3 |W(^^) . (16) 



It may be useful to comment on the possibility of the atomospheric neutrino anomaly by 



the large — > v e oscillation. The reactor experiments at Bugey |2T| and Krasnoyarsk 



27 1 have already excluded some large z/ M — v e mixing region. The allowed one is 



sin 2 29 efl < 0.7 in the case of Am^ = 10~ 2 eV 2 . On the other hands, the data of 
the atomospheric neutrino anomaly in Kamiokande [|7| suggests Am|i = 7 x 10~ 3 ~ 
o x l(T 2 eV 2 and sin 26 eiM = 0.6 ~ 1 for the — > v e oscillation. The overlap region 
is rather small such as sin 2 29 efJi = 0.6 ~ 0.7. Since the first long baseline reactor 
experiment CHOOZ will soon give the severer constraint for the — v e mixing, 
one can check the possibility of the atomospheric neutrino anomaly due to the large 
Vn v e oscillation. 

In the case (C) with hierarchy II the mixing matrix is 
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(u el 


u e2 




u ~ 






1 




\u Tl 


U T2 


£4 



Then we have 



(17) 



j cp = \U el \\U e2 \e 1 e A sm((> < -eie 4 , (18) 



where the sign of equality is obtained at \U e i\ = \U e 2\ = l/V% with sin0 = 1. In this 
case the atomospheric neutrino anomaly cannot be solved by the large oscillation 
because both e 2 and e 3 are very small. Here e\ is bounded by E776 — > v e experiment 



p6| while €4 is by E531 — > v T experiment [|25| as seen in eq.(|T6|). 

Let us study the cases with hierarchy I, in which the relevant transition probabilities 
in the short baseline experiments are given instead of eq.(|T6|) as follows: 



PC, -i>.)^ lK',a| 2 |M 2 sm 2 (^ 



P(v^u T )~A\U^\U Tl \*sin 2 (— f-) . (19) 



For the case (A) with hierarchy I the mixing matrix is 



1 ei £2 

U - I ('„■■ U, 3 I . (20) 

64 C/ T 2 ?7 T 3 

Then J£ P is given by 

J^P = e 1 e 2 |^ 3 ||^3|(|^3| 2 + |f / r3| 2 )~ 1 sin0< i ei e 2 , (21) 

where the sign of equality is obtained at \U^\ = \U T s\ = l/y/2 with sin</> = 1. The 
product €i€ 2 is bounded by unitarity such as 



^2 < \{e\ + e\) = ~(1 - |t/ el | 2 ) < i(l - flW) . (22) 
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Thus we get the same upper bound of J£ P as the one in the case (A) with hierarchy 
II. The atomospheric neutrino anomaly could be attributed to the — > v T oscillation 

if\U, 2 \ = \U, 3 \ = \U r2 \ = \U r3 \~l/V2. 

For the case (B) with hierarchy I the mixing matrix is written as 





u e2 


u e3 \ 








u : ■ 


(23) 


1 


e 3 







Then we get 

= e 1 e 4 |f/ e2 ||f/ e 3||^3l(l^3| 2 + el)" 1 sin < -^ ei e 4 , (24) 

where the sign of equality is obtained at \U e 2\ = \U e 3\ = \U^ 3 \ = l/\/2 with sin0 = 
1. However, this bound is not exact one in contrast to previous cases. We checked 
numerically that eq . (|24]) gives roughly the maximum value by using the present bound 
of e 4 . The magnitude of 6\ is bounded by in eq.(|]) while e 4 is bounded by unitarity 
such as 



A + e 2 2 - 4 < e\ + e 2 2 , 



(25) 



where e 2 is bounded by E531 — > v T experiment p5| . The upper bound of Jq P is 
different from the one in the case (B) with hierarchy II. The atomospheric neutrino 
anomaly could be solved by the large — > v e oscillation. 

For the case (C) with hierarchy I the mixing matrix is 



U 



Ui u e2 u e3 

1 e 2 e 3 
V e 4 U t2 U t3 



Then J£ P is given by 

j cp = eie 3 |C/ e2 | |C/ e 3| (€3 + \U t3 \ 



sincf) < 77=^3 , 



(26) 



(27) 
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where the sign of equality is obtained at \Uez\ = \U e s\ = \U T s\ — l/v2 with sin0 = 1. 
This bound is also not exact one as well as the case (B) although it is roughly the 



maximum value. Here e± is bounded by E776 — > v e experiment [26|. On the other 
hand, e 3 is bounded by unitarity 



el = \U^\ 2 = 1 - \U^\ 2 - |^ 2 | 2 < 1 - fl W , (28) 

where affl is given by the disappearance experiments as seen in eq.(|9]). The upper 
bound of Jq P is different from the one in the case (C) with hierarchy II. 

Thus we obtain the upper bounds of Jq P for six cases which are allowed by the 
present short baseline experiments. 

6 Numerical Results of CP Violation 

Now we can calculate the upper bound of AP = Piy^ — > u T ) — P(z7 M — > V T ), which is the 
direct measurement of CP violation. Since the upper bounds of Jq P have been given 
for fixed Am| 1; the upper bounds of AP are also presented for Am| with fixing L, E 
and Am| 2 ( for hierarchy I) or Am|x( for hierarchy II). In fig.2(a), we show numerical 
results for cases (A), (B) and (C) of hierarchy I with L = 250Km and Am^ = 10 _2 eV 2 . 
Fig. 2(b) corresponds to hierarchy II. Here we used the energy band of E = 1 ~ 1.5GeV 
in the energy spectrum of the incident neutrino, which is expected in KEK-PS ||. Then 
we get the averaged value Sep = 0.725 for Am^ = 1 ~ 25eV 2 , which is used in our 
calculation to avoid long CPU time due to the oscillatory integrand. Therefore, one 
should take into consider 5% error in the results of Figs, (a) and (b). 

Fig. 2(a) and (b) 
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The weakest bound is given in the case (B) with hierarchy I, in which the bound 
is almost determined only by Bugey reactor disappearance experiment In this 



case AP could be 10 l , which can be observed in KEK-SuperKamiokande experiment. 
Then the atomospheric neutrino anomaly is due to the large — + v e oscillation. The 



first long baseline reactor experiment CHOOZ [^8| will soon test this possibility by 
presenting the severer constraint of the — v e mixing. 

The observation of the CP violating effect is not expected in the case (C) for both 
hierarchies I and II since the upper bounds are around or below 1CT 2 . In addition, the 
atomospheric neutrino anomaly could not be explained by the large neutrino mixing. 

If the large — > v T oscillation causes the atomospheric neutrino anomaly, the case 
(A) is prefered. The upper bound is around 0.03, which is same for both hierarchies. 



Since this bound is determined only by the reactor disappearance experiments pl| , it 
will be improved by new disappearance experiments. 

It is remarked that the estimated upper bounds of Jq P are given by the maximal 
mixing such as \U a i\ — 1/V2 except for the case (A) with hierarchy II. If the atom- 
ospheric neutrino anomaly is not due to the large neutrino mixing, the CP violating 
effect is reduced. The situation is different in the case (A) with hierarchy II. In this 
case, the upper bound has been obtained without assuming the large neutrino mixing. 

In our analyses, we do not take account of the new experimental data given by 
LSND f\M. Even if the data is included, our obtained bounds do not almost change. 



7 Matter Effect 

The general discussion of the matter effect in the long baseline experiments was given 
by Kuo and Pantaleone [29fl. The data in those experiments include the background 
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matter effect which is not CP invariant. Therefore, it is very important to investigate 
the matter effect in order to estimate the CP violation effect originated by the phase of 
the neutrino mixing matrix. The matter effect of the earth should be carefully analized 
since the effect considerably depends on the mass hierarchy and mixings as well as the 
incident energy of the neutrino. 

We estimate the matter effect on the transition probabilities by switching off CP 
violation due to the mixing matrix. Then, AP is given by the only matter effect. If the 
estimated AP is comparable to the ones in the previous section, one should consider 
how to extract the matter effect from the data. 

The matter effect in the long baseline accelerater experiments is rather easily esti- 
mated by assuming the constant electron density. The effective mass squared in matter 
for neutrino energy E in weak basis |29|] is 



M 2 m = U n 



'ml 



ml 














\ul + 


[" 







(29) 




Vo 





0/ 





where A = 2^/2G F n e E. We use the constant electron density n e = 2.4 mol/cm . For 
antineutrinos, the effective mass squared is given by replacing A — > —A and U m — > U* n 
The effective mixing matrix without the CP violating phase U m is written by 



U„ 



^ C m i3C m i2 C m i3S m i2 S m i3 

— C22,S m \2 — S23S m l3C m l2 C 2 3C m i2 — S23-Sml3S m 12 s 23C m 13 (30) 
\ S2zS m i2 — C23S m i3C m i2 — S23C m 12 — C23S m i3S m i2 C23C m i3 



where s m ij = sin 9^, c m ij = cos 6*^ for effective mixings in the matter and Sij = 
sin 6ij, Cij = cos 6^ for vacuum mixings. For example, the effective mixing angle s m i2 
is given in terms of vacuum mixings as 

sin 26%= , Amj lS in2fl 12 (31) 

yf {A cos 2 13 - Amli cos 26 12 ) 2 + Am^ sin 2 26> 12 

to zeroth order in ^4sin26 ) 13 . 
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In the case of hierarchy 1(7713 — m 2 > leV), the matter effect is expected to be small 
because m| x A ~ 5 x 10 _4 eV 2 . In fact, the obtained AP is at most 5 x 10 -3 for three 
cases of (A), (B) and (C). Therefore, the matter effect do not disturb the information 
of CP violation originated by the CP violating phase in the neutrino mixing matrix if 
the observed AP is not far from our estimated upper bounds in section 6 (see Fig. 2). 

However, the case with hierarchy I is another. Since the value of A is not negligible 
compared to — 10 _2 eV 2 , the matter effect is expected to be important. We show 
the matter effect AP versus S12 for the typical parameters in Figs. 3 (a) and (b). Here 
the solid curves denote the matter effect AP(z/^ — > v T ) and the dashed curves denote 
AP(;/ (i — > i/ e ), where AP(i/ Q — > vp) = P{y a — > vp) — P(v a — > Vp) |. The parameters 
are fixed to be m\ x = 2.25eV 2 , m\ x = 10- 2 eV 2 , L = 250Km and E = 1.2GeV. The 
vacuum mixing angles are taken to be s i3 = 0.96 and s 2 3 = l/v^2 for case (A) and 
S13 = 0.15 and s 2 3 = 0.12 for case (B). 

Fig. 3(a) and (b) 

In case (A), the v il — v T mixing is maximum at s 12 = or 1. Then, the matter effect 
AP(i/ /1 — f v T ) increases up to 7.5 x 10~ 3 . For the — v e mixing which is very small 
in this case, the matter effect AP(z/^ — > v e ) is tiny. If the CP violation effect AP is 
larger than 10 -2 as shown in Fig. 2(b), the matter effect does not dominate AP. The 
smallness of the matter effect is due to the suppressed Acf 3 in eq.(31) (ci 3 <C 1 in case 
(A)). 

In case (B), the — v e mixing is maximum at S12 = l/v^- The matter effect 

AP(z/ M — > v e ) could be 8 x 10 -2 . Since the — v T mixing is very small in this case, the 

3 The CP non-invariant quantity \AP(v^ — > v T )\ is different from \AP(v^ — > v e )\ for the matter 
effect. On the other hand, those have same magnitudes for CP violation originated by the phase in 
the neutrino mixing matrix as seen in Eq.(2). 
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matter effect AP(^ — > v T ) is also small. Since the matter effect is very large compared 
to the results in Fig. 2(b), it is difficult to get the information of the CP violating phase 
in the mixing matrix. 

In case (C), both — v e and — v T mixings are very small, and so the matter 
effects AP's are also small, at most 5 x 10~ 4 . In this case, there is no hope to observe 
the neutrino oscillation in the planned long baseline accelerator experiments. 

Thus, the matter effect becomes important to observe CP violation in the case of 
hierarchy II. However, recent works of the pattern of the neutrino masses and mixings 
|TfO| fl5fl may exclude hierarchy II. If hierarchy I is realized for the neutrino masses, the 
matter effect does not almost modify our results in Fig. 2 (a). 

8 Conclusions 

We have studied the direct measurements of CP violation originated by the phase of the 
neutrino mixing matrix in the long baseline neutrino oscillations. In those experiments, 
the CP violating effect is not suppressed if the highest neutrino mass scale is taken to 
be 1 ~ 5eV, which is appropriate for the cosmological HDM. The upper bounds have 
been calculated for three cases (A), (B), (C) in hierarchies I and II, where mixings are 
constrained by the recent short baseline ones. The estimated upper bounds are larger 
than 10~ 2 , which is observable in the long baseline accelerator experiments. The new 
reactor disappearance experiments will provide severer bound in the near future. 

The matter effect on CP violation is also calculated. The effect is not significant for 
hierarchy I, but for hierarchy II. The recent works of the neutrino masses and mixings 
suggest the case (A) with hierarchy I. In this case, the matter effect on CP violation 
is negligible if the observed AP is close to our estimated upper bound. 
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Figure Captions 



Figure 1: 

Dependences of Sqp on the neutrino energy E for (a) L = 250Km and (b) L = 
730Km with Am^ = 2.25eV 2 and Am| 2 = 10~ 2 eV 2 , which are shown by solid curves. 
The dashed curves denote sin 2 (Am 2 2 L / 'AE) . Those are averaged over energy speread 
of 20% of the neutrino energy. 

Figure 2: 

Upper bounds of AP versus Am^ for (a) hierarchy I and (b) hierarchy II. The 
solid, dashed and dashed-dotted curves denote the cases (A), (B) and (C), respectively. 
We take E=\~ 1.5GeV and L = 250Km with Aml 2 = 10" 2 eV 2 for hierarchy I and 
Am^ = 10~ 2 eV 2 for hierarchy II. 

Figure 3: 

The matter effect AP versus s± 2 in hierarchy II for (a) case (A) and (b) case (B). 
The solid and dashed curves denote AP(u^ — > v T ) and AP(^ — > u e ), respectively. 
Here Am 2 31 = 2.25eV 2 , Am 2 21 = l(T 2 eV 2 , E = 1.2GeV and L = 250Km are taken. 
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